We report the successful control of bleeding in two patients who underwent post-cardiotomy extracorporeal circulatory support (ECMO) and then developed life-threatening bleeding due to severe coagulopathy. After the failure of conventional techniques, bleeding control was achieved using Celox™ Gauze (MedTrade Products Ltd, Cheshire, UK) packed on the sternal edges and pericardial cavity.
CASE PRESENTATION

Patient 1
In November 2010, a 59-year old man presented for the treatment of acute type A dissection with type B right coronary artery (RCA) involvement [1] . The patient presented in cardiogenic shock, with right ventricular failure, severe inferior LV wall hypokinesia and pericardial tamponade. A severe consumptive coagulopathy was already present at admission. Emergency axillary, hypothermic (target nasopharyngeal temperature of 25°C) cardiopulmonary bypass (CPB) was instituted after full heparinization (3 mg/kg) and median sternotomy. The aortic procedure consisted of an open hemiarch replacement together with patch repair of the RCA and aortic root replacement using a composite graft (mechanical valved graft; St Jude Medical, Inc., Minneapolis, MN, USA). At the end of the procedure, right ventricular failure associated with inferior LV hypokinesia made the weaning from CPB unsuccessful and thereby veno-arterial (right femoral vein-right axillary artery) extracorporeal circulatory support was established, using a totally coated closed circuit with a centrifugal pump ( Jostra Rotaflow centrifugal pump, Jostra Bioline circuit and Quadrox PLS membrane oxygenator; Maquet-Cardiopulmonary, Rastatt, Germany). Despite meticulous haemostasis, diffuse bleeding was present, mostly from the mediastinal tissues, sternal edges and axillary incision. Thromboelastography and coagulation profile tests (bleeding time, prothrombin time, activated partial thromboplastin time, fibrinogen, fibrin split products, platelet count, mean platelet volume and platelet haematocrit) were profoundly altered.
Despite the use of fresh frozen plasma, platelets, desmopressin and epsilon-aminocaproic acid to correct fibrinolysis, thrombocytopenia and coagulative parameters together with prolonged surgical haemostasis, complete control of the bleeding was not attained. Any attempt at sternal re-approximation caused haemodynamic deterioration, which required the sternum to be left open.
We initially used our usual technique for delayed sternal closure: by packing the mediastinum with surgical gauze pads, stabilizing the sternum with a VAC™ sponge (KCI, Inc., San Antonio, TX, USA), covering the chest wound with a plastic membrane and connecting a cell saver to the sump chest tubes. The bleeding rate was excessive, with 1260 cc of blood processed by the cell saver during the first 15 min. We then decided to re-explore the mediastinum and to use Celox™ gauze (MedTrade Products Ltd, Cheshire, UK) to attempt haemostasis.
Celox gauze was cut into strips (10-20 cm), which were used to pack the sternal edges and pericardium. A thin VAC™ sponge isolated the Celox dressing from the mediastinal drains. Dressing was completed in the usual fashion with another VAC™ sponge and a plastic membrane sutured to the wound margins and covered with VAC™ drape. Negative pressure was applied to the mediastinal tubes, thus making the VAC™ sponge rigid, and producing sternal edge stabilization, while increasing the suction surface. A cell saver was connected to the chest tubes. After Celox application, bleeding dramatically decreased: 500 cc in the first 30 min, 900 cc in the first hour and 1200 cc 2 h after re-exploration. Coagulation parameters improved significantly over the first 36 h and we could remove the mediastinal dressing and close the sternum 48 h after the procedure. The patient was weaned from ECMO 3 days later without further complications.
Patient 2
In January 2011, a 55-year old man was admitted to our department for the treatment of acute prosthetic endocarditis. The patient had been operated on four months earlier for acute type A aortic dissection treated with replacement of the ascending aorta and aortic valve with a mechanical valved tube graft.
At re-admission, a partial detachment of the proximal anastomosis corresponding to the right and non-coronary portion of the annulus was shown on TEE and thoracic CT scan with the evidence of a pseudoaneurysm over the left atrial roof. The surgical procedure consisted of the replacement of the composite graft with an aortic homograft. CPB was instituted via the right axillary artery and femoral vein. Preoperative treatment with intravenous heparin had created an impaired coagulation state with low plasma Antithrombin III (ATIII) activity (55%), and supplemental doses of heparin and ATIII were needed to achieve a satisfactory activated clotting time before CPB institution.
Upon inspection, the prosthetic graft was found to be disconnected from the aortic annulus as a consequence of an extensive annular abscess extending from the mitro-aortic junction to the annular insertion of the right coronary cusp. The treatment of the annular abscess was complex and required a pericardial patch reconstruction of the mitro-aortic junction to facilitate the homograft implantation. At the end of the procedure, failure to wean the patient from CPB due to right ventricular failure and associated severe hypoxaemia required the institution of veno-arterial (femoral-axillary) extracorporeal circulatory support.
Extensive bleeding from the dissected mediastinal tissues and the chest wall required prolonged surgical haemostasis and transfusion with blood, platelets, fresh frozen plasma and antifibrinolytics. Several conventional topical haemostatic agents (fibrin glue, thrombin and collagen gels) failed to control the diffuse bleeding sites.
Thromboelastography and coagulation profile tests confirmed a severe impairment of the coagulation system which precluded surgical haemostasis. Therefore it was decided to leave the sternum open. The technique described above was employed, with strips of Celox gauze being used to pack the sternal margins and mediastinum. The chest drains were positioned as previously described and connected to a cell saver. The patient was transferred to the intensive care unit. As the coagulation improved, the bleeding progressively reduced. On the second postoperative day, the bleeding completely stopped and the patient was returned to the operating room for re-exploration. The Celox gauze was removed and the mediastinum irrigated with saline solution to completely wash out any residual chitosan granules. Surgical haemostasis was completed and the sternum re-approximated in the usual manner. Weaning from the extracorporeal circulatory support happened a day later without complications.
DISCUSSION
Celox is a life-saving haemostat originally developed to assist military medics and is composed of chitosan, a natural linear polysaccaride very similar to cellulose. Among its properties, chitosan is capable of stopping bleeding by bonding with red blood cells and gelling with fluids to produce a pseudo-clot.
Celox simply clots the blood once it comes directly into contact with it, thus not setting off the normal clotting cascade. Since chitosan works independently from the physiological clotting mechanisms, it has also been proved to work in the presence of common anti-coagulants such as warfarin as well as in the presence of heparin (i.e. patients on extracorporeal assistance) and also in moderate hypothermia.
After a preliminary report about the use of chitosan granules (Celox) for haemostasis in cardiothoracic surgery [2] , we report its life-saving use in patients supported with post-cardiotomy extracorporeal circulatory support.
Under such circumstances, Celox demonstrated a high efficacy to reduce and stop bleeding compared with other haemostatics that were ineffective. The commonly used agents for topical haemostasis (i.e. fibrin glues, fibrinogen/thrombin and collagen/ thrombin gels, oxidated cellulose, gelatin sponges) and tissue sealant (polyethylene glycol hydrogels) are useful in the setting of a competent coagulation system but, since they work by interfering with the physiological pathways of coagulation cascade, they can be ineffective once a severe coagulative disease is triggered [3] . Generally, the event of untreatable postoperative bleeding is managed by packing the sternum and mediastinal tissues with swab and towels and the sternum is left open. Such manoeuvres are usually adequate to achieve a sufficient haemostasis for delayed sternal closure (intended as a 'permissive/not excessive bleeding' allowing the haemodynamic stability and the restoration of the coagulative balance in the meanwhile).
In patients undergoing post-cardiotomy ECMO, the clinical scenario is somehow different. This condition is known to increase dramatically the blood loss from every surgical site and dissected tissue because patients are, in adjunct, under heparin. As a result, the usual packing technique can sometimes result ineffective to achieve a haemostatic control just sufficient to attempt a delayed sternal closure.
The unique, direct, clotting mechanism of Celox favourably applied to the clinical setting of patients on post-cardiotomy ECMO where bleeding mostly derives from a mismatch of coagulation and fibrinolysis that makes it impossible to obtain a surgical control of the resulting haemorrhagic state. In this scenario, our experience demonstrated the use of Celox to be lifesaving due to its capability to combine the compressive haemostatic effect (as for gauzes and swabs) with the ability to clot the blood directly and also in the presence of circulating heparin.
Because of the ability of Celox to clot heparinized blood, particular attention must be taken in the placement of chest drains when using a cell saver (because of the possibility of clotting the circuitry) [2] . For this reason, we developed a method to manage patients with delayed sternal closure that minimizes as much as possible the contact between chitosan granules and chest tubes.
Briefly, the mediastinal sumps are positioned as usual in the pericardial cavity. A large gauze swab is placed in the mediastinum to isolate the heart and drains. The Celox gauzes are then packed along the sternal edges and mediastinal tissues, apart from the suction site. When necessary, a thin VAC™ sponge can be used to further isolate the Celox gauzes from the chest tubes. Sternal stabilization is then achieved by a VAC™ sponge placed over the gauze swab and between the bone margins, and a plastic membrane is sutured to the skin margins to better isolate the surgical incision and, at the same time, improve the vacuum effects.
Finally, the specifically designed drape for the VAC™ system is placed to cover the incision and the sumps connected to the vacuum system (Fig. 1) .
Using this technique for delayed sternal closure we did not observe any complication with the use of cell savers, and the drained blood could be reinfused when necessary after processing and washing.
This 'modified application' of VAC™ system takes account of two favourable aspects. First, like the rationale of use in its original indication (treatment of wound dehiscence and infections), the polyurethane sponge microstructure is capable of increasing the suction surface and thus enhancing the sump's suction effect.
Second, in patients needing delayed sternal closure (especially in case of severe bleeding) a moderate sternal re-approximation can also result in a haemodynamic impairment. Among the several methods available to prevent this effect, the interposition of a VAC™ sponge was the most effective and simple method in our experience. In fact, it is sufficient to shape the VAC™ sponge to the required width to achieve the desired degree of sternal approximation and place it between the sternal edges. Once the negative pressure is applied, the vacuum effect makes the sponge rigid, stabilizing the sternum to the desired distance (Fig. 1, Supplementary Video 1) The combination of such favourable effects of the VAC™ sponge/ system prompted us to develop this 'closure technique' that we now apply in all patients needing delayed sternal closure. The picture shows the technique used for delayed sternal closure. The sump chest tubes are placed in the pericardial cavity as usual and connected to a cell saver. Strips of Celox gauze are packed around the sternal edges and mediastinal tissues as appropriate with a large gauze swab used to isolate the Celox dressing from mediastinal drains (upper left). A VAC™ sponge is positioned between the sternal edges and the chest wound covered with a plastic membrane sutured to the skin (upper right). Dressing is completed with the specifically designed VAC™ drape (lower left). Negative pressure applied to the mediastinal drains make the VAC™ sponge rigid, producing sternal stabilization and increasing the suction surface (lower right).
SUPPLEMENTARY MATERIAL
Supplementary material is available at ICVTS online.
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